The appearance of the right ventricular myocardium on thallium 201 myocardial perfusion images was evaluated in patients with chronic pulmonary hypertension and compared to patients without pulmonary hypertension. Four groups of patients were studied: 1) eight normals, 2) five patients with angiographically documented coronary artery disease and normal pulmonary artery pressures, 3) ten patients with moderate to severe pulmonary parenchymal or vascular disease and documented pulmonary hypertension and 4) eight patients with chronic left ventricular dysfunction and pulmonary hypertension discovered during cardiac catheterization. The right ventricular free wall was visualized on the thallium 201 myocardial perfusion image in only one of eight normals (group 1) THE ELECTROCARDIOGRAM has been useful in assessing the effects of systemic hypertension on the left ventricle by detecting the presence of left ventricular hypertrophy (LVH) and by evaluating the effects of therapeutic interventions on the natural history of the disease. The noninvasive assessment of the effects of pulmonary hypertension on the right ventricular myocardium has been more difficult, especially in the presence of pulmonary emphysema or left ventricular hypertrophy. When pulmonary hypertension becomes clinically apparent with the development of right ventricular hypertrophy (RVH) on the electrocardiogram the disease process has already reached an advanced stage.' The clinical tools currently available for assessing RVH have been shown to be lacking in sensitivity and/or specificity. Thallium 201 is an ionic radionuclide that concentrates in the myocardium in relation to perfusion.2 Thallium 201 myocardial perfusion imaging in the left anterior oblique projection allows assessment of the relative tracer concentration and thickness of the right and left ventricular free walls and interventricular septum as well as assessment of right and left ventricular cavity dimensions.3 This study compares the appearance of the right ventricular myocardium on the thallium 201 myocardial perfusion image in patients with chronic pulmonary hypertension, in normal subjects, and in patients with coronary artery disease and normal pulmonary artery pressures.
SUMMARY The appearance of the right ventricular myocardium on thallium 201 myocardial perfusion images was evaluated in patients with chronic pulmonary hypertension and compared to patients without pulmonary hypertension. Four groups of patients were studied: 1) eight normals, 2) five patients with angiographically documented coronary artery disease and normal pulmonary artery pressures, 3) ten patients with moderate to severe pulmonary parenchymal or vascular disease and documented pulmonary hypertension and 4) eight patients with chronic left ventricular dysfunction and pulmonary hypertension discovered during cardiac catheterization. The right ventricular free wall was visualized on the thallium 201 myocardial perfusion image in only one of eight normals (group 1) THE ELECTROCARDIOGRAM has been useful in assessing the effects of systemic hypertension on the left ventricle by detecting the presence of left ventricular hypertrophy (LVH) and by evaluating the effects of therapeutic interventions on the natural history of the disease. The noninvasive assessment of the effects of pulmonary hypertension on the right ventricular myocardium has been more difficult, especially in the presence of pulmonary emphysema or left ventricular hypertrophy. When pulmonary hypertension becomes clinically apparent with the development of right ventricular hypertrophy (RVH) on the electrocardiogram the disease process has already reached an advanced stage. ' The clinical tools currently available for assessing RVH have been shown to be lacking in sensitivity and/or specificity. Thallium 201 is an ionic radionuclide that concentrates in the myocardium in relation to perfusion.2 Thallium 201 myocardial perfusion imaging in the left anterior oblique projection allows assessment of the relative tracer concentration and thickness of the right and left ventricular free walls and interventricular septum as well as assessment of right and left ventricular cavity dimensions. 3 This study compares the appearance of the right ventricular myocardium on the thallium 201 myocardial perfusion image in patients with chronic pulmonary hypertension, in normal subjects, and in patients with coronary artery disease and normal pulmonary artery pressures.
Materials and Methods

Radiopharmaceutical
Ionic thallium 201 in the form of thallous chloride was obtained as a sterile, pyrogen free radiopharmaceutical with a and in only one of the five patients with coronary artery disease (group 2) and measured 0.5 cm and 0.9 cm in thickness, respectively. In patients with documented pulmonary hypertension the right ventricle was visualized on low contrast thallium 201 myocardial perfusion images in all patients. The apparent right ventricular free wall thickness measured from the ungated thallium 201 myocardial perfusion images was 1.7 ± 0.3 cm in group 3 and 1.5 ± 0.2 cm in group 4. Right ventricular hypertrophy was detected by electrocardiography in only five of ten patients in group 3 and only one of eight patients in group 4. Thallium 201 myocardial perfusion imaging appears to be a useful technique for assessing the effects of chronic pulmonary hypertension on the right ventricular myocardium. specific activity of 1 Ag/mCi of thallium.* Thallium 201 has a half-life of 72 hours and decays by electron capture with emission of gamma rays that are only 10% abundant and characteristic mercury X-rays that occur in 95% of disintegrations.4 Following intravenous administration, thallium clears from the blood; about 3% of the dose concentrates in the myocardium in less than two minutes.3 The whole body radiation burden is 70 millirads/mCi. The kidneys, however, achieve the highest concentration of thallium in the body and receive a radiation burden of approximately 0.5 rads/mCi.' All images were obtained following intravenous administrations of 1.5 mCi of thallium 201 at rest. In addition, five patients with documented coronary artery disease and normal pulmonary artery pressures had 1.5 mCi of thallium 201 injected at the time of maximal exercise stress. 6 Informed consent was obtained from all subjects.
Imaging Technique
Myocardial perfusion images were recorded with a 37 photomultiplier tube, high resolution scintillation camera, and a high resolution parallel hole collimator using a symmetrical 20% window around the 69-80 KeV X-ray. Imaging began within five minutes after tracer administration to permit blood clearance of thallium 201 activity and was completed by 45 minutes after tracer administration. The images were recorded for 50,000 counts over the region of the myocardium (count density of 1,000 counts/cm2 with 200,000-300,000 counts in the total image) in the anterior and 45 degree left anterior oblique (LAO) projections in all patients, and in addition in the 30 and 60 degree LAO projections in five patients. Since the right ventricle is best separated from the left ventricle in the 45 degree LAO projection all measurements of the apparent right ventricular free wall thickness were made from this image. The patients remained supine for all images and the detector of the scintillation camera was rotated to achieve the desired degree of obliquity. The data were recorded on an Ohio Nuclear 150 *Philip Duphar Co., Patten, Holland.
data system after uniform field correction. The images were photographed on 35 mm film at a standard contrast setting of 30%.
Evaluation of Myocardial Perfusion Images
Perfusion images were analyzed by two methods: 1) subjective interpretation of the perfusion images from the photographs of the 30% contrast enhanced images; and 2) thickness measurement of the right ventricular free wall. For subjective interpretation the images were analyzed by two of the authors who had no prior knowledge of which scans were of normals and which were of patients with pulmonary hypertension. The images were graded for the concentration of tracer in the right ventricular free wall as follows: 0 = no activity in the region of the right ventricular myocardium, 1 + = faint activity but significantly less than that in the left ventricular free wall, 2+ = activity equal to that of the left ventricular free wall, 3 + = activity greater than that in the left ventricular free wall. When the right ventricular myocardium was visualized, the size of the right ventricular cavity was compared to that of the left. When the right ventricular cavity was equal to or greater than that of the left, right ventricular dilatation was considered to be present. According to this method the presumptive diagnosis of RVH was made when there was 1 + concentration of thallium 201 in the presence of right ventricular dilatation or 2+ or 3+ concentration of the tracer with or without right ventricular dilatation.
Measurements of the apparent thickness of the right ventricular myocardium were made directly from the data system screen with no contrast enhancement. This was done to make the visualization of the right ventricular myocardium optimal. The apparent right ventricular free wall thickness was measured at the mid point of the right ventricular free wall. To express the measurements in life size a 10 cm lead marker was placed on the chest wall during imaging and a magnification correction was calculated for each measurement. According to this method RVH was considered to be present if the right ventricular free wall was greater than or equal to 1 cm in thickness in the 45 degree LAO projection. To assess the effects of rotation, the apparent right ventricular free wall thickness was compared in three views (30, 45 and 60 degree LAO projections) in five patients.
It should be emphasized, however, that the measurements of wall thickness determined by this imaging technique do not reflect the actual right ventricular free wall thickness, since they are obtained from the ungated image and therefore are exaggerated because of wall motion. Comparison, however, between normal subjects and patients with pulmonary hypertension using this technique should be valid.
Electrocardiographic Criteria for RVH
The electrocardiographic criteria used to detect RVH were those of Milnor7 and consisted of a QRS duration of less than 0.12 seconds plus either a mean frontal plane axis from + 1 10 degrees ± 180 degrees or -91 ± 180 degrees or R/S or R'/S ratio in V1 greater than 1.0 with R or R' greater than 0.5 mV.
Patients
Four groups of patients were studied: group 1) eight normal subjects without symptoms, signs or ECG evidence of heart disease; group 2) five patients with angiographically documented coronary artery disease but with normal pulmonary artery pressures; group 3) ten patients with moderate to severe chronic pulmonary parenchymal or vascular disease and pulmonary hypertension documented by spirometry and right heart catheterization performed at rest with a Swan Ganz catheter; group 4) eight patients with left ventricular dysfunction and pulmonary hypertension documented during routine cardiac catheterization. No pulmonary function tests or hemodynamic data were collected in group 1 patients, but there was no evidence by history or physical examination of lung or heart disease in these control subjects. In the five patients with coronary artery disease and normal pulmonary artery pressures one patient had a previous history of myocardial infarction. In the patients with chronic pulmonary disease, seven had a history and pulmonary function tests consistent with the clinical diagnosis of severe obstructive pulmonary disease, two had multiple pulmonary emboli documented by serial scintillation perfusion lung scans, one had diffuse pulmonary sarcoidosis, and one had surgically corrected pulmonic stenosis. All of the patients had pulmonary hypertension recorded at catheterization (except the patient with surgically corrected pulmonic stenosis who had right ventricular hypertension documented during a catheterization prior to surgery) with mean pulmonary artery pressures > 21 mm Hg. In group 4 patients with chronic left ventricular dysfunction and pulmonary hypertension (mean pulmonary pressure > 21 mm Hg), there were five patients with atherosclerotic heart disease, one with aortic valvular disease, one with aortic dissection and aortic regurgitation and one with systemic hypertension and congestive heart failure.
Results
In seven of the eight normal subjects the right ventricular myocardium was not visualized on either the low or 30% contrast enhanced images. In the one normal subject in whom the right ventricle was visible on the 30% enhanced image the apparent right ventricular free wall thickness measured less than 1.0 cm. In the five patients with coronary artery disease and normal pulmonary artery pressures (group 2) the right ventricular myocardium was faintly visualized in one and measured less than 1 cm. Figure 1 left is an example of a thallium 201 myocardial perfusion image in a normal control subject at rest. The right ventricular free wall is not visualized. Figure 1 right is the perfusion image of the same patient with the thallium 201 injected during stress; the right ventricular free wall is barely visible, and the apparent right ventricular free wall thickness when measured at low contrast is less than that of any of the patients with pulmonary hypertension evaluated in the study.
In the group 3 patients with chronic pulmonary parenchymal or vascular disease the right ventricular free wall was visualized on the low contrast image in all patients and its thickness was greater than 1.3 cm in all (mean 1.7 ± 0.3 cm). Figure 2 is from a patient in group 3 and demonstrates marked right ventricular cavity dilatation and an increased concentration of tracer in the apparently thickened right 791 VOL 54, No 5, NOVEMBER 1976 REST STRESS FIGURE 1. Thallium myocardial perfusion image in a normal control in the 45°LAO projection (left) and stress image in the same projection (right). Note the absence oftracer in the right ventricular free wall at rest. During stress, tracer concentration is barely visible in the right ventricular free wall.
ventricular free wall. The patient's electrocardiogram is also positive for right ventricular hypertrophy. Figure 3 is from another patient in group 3 and again demonstrates an increased concentration of tracer in the right ventricular free wall and septum. In this patient, however, the right ventricular cavity is not dilated. The electrocardiogram in this -LV patient permits the diagnosis of right ventricular hypertrophy by Milnor's criteria. In group 4 patients with chronic left ventricular dysfunction and pulmonary hypertension the right ventricle was also visualized on the low contrast image in all patients and the apparent right ventricular free wall measured 1.1 cm or greater in all (mean 1.5 + 0.2 cm). In figure 4 , both the right and left ventricular cavities of a patient in group 4 are dilated and the concentration of tracer is increased in the apparently thickened right ventricular free wall. The coexistence of both left ventricular and right ventricular hypertrophy and dilatation produced a striking image in this patient which we have termed the "Omega sign" because of the resemblance of the image to the letter of the Greek alphabet. This patient's electrocardiogram does not permit the diagnosis of right ventricular hypertrophy by Milnor's criteria. There was no correlation between the apparent right ventricular free wall thickness measured by the thallium 201 myocardial perfusion images and the degree of pulmonary hypertension in patients in groups 3 or 4.
Subjective analysis of the 30% contrast enhanced myocardial perfusion images permitted the presumptive diagnosis of RVH in eight of ten patients with chronic pulmonary disease and pulmonary hypertension (group 3) and five of eight patients with left ventricular dysfunction and pulmonary --. -04X% r hypertension (group 4). In contrast RVH was diagnosed by electrocardiography in five of ten patients in group 3, and one of eight patients in group 4. Four patients in group 3 and one patient in group 4 had measurements of the apparent right ventricular free wall thickness made in three oblique views. There was no difference in the apparent thickness of the right ventricular myocardium determined from the three oblique views, although there was a marked difference in the appearance of the right ventricular chamber size (fig. 5 ). The chambers appeared largest in the 45 degree LAO projection in four of the five patients.
Of the five patients in group 2 imaged following the injection of tracer both at rest and following maximal exercise stress, only one had visualization of the right ventricular myocardium on the rest injected image. Following injection at stress the right ventricular myocardium was visualized in three patients including the one patient whose right ventricular myocardium was imaged at rest. The apparent thickness of the right ventricular myocardium in these three patients imaged at stress was less than 1 cm. The apparent thickness of the right ventricular free wall on the stress image was unchanged from the rest injected image in the one patient whose right ventricular myocardium could be imaged both at rest and stress.
Discussion The results of the present study suggest that myocardial perfusion imaging with thallium 201 is a useful technique for assessing the effect of pulmonary hypertension on the right ventricular myocardium. In patients without pulmonary hypertension (groups 1 and 2) the right ventricular free wall is poorly seen on the rest-injected thallium 201 myocardial perfusion image. The right ventricle may be visualized during stress, however, in patients without chronic pulmonary hypertension (group 2), since under these circumstances right ventricular myocardial blood flow and hence thallium 201 uptake would tend to increase relative to lung background. The right ventricular myocardium may be visualized occasionally in a resting person without chronic pulmonary hypertension if a tachycardia resulting in an increase in myocardial blood flow and therefore thallium 201 uptake is present. In patients without chronic pulmonary hypertension, when the right ventricle was visualized either on the rest or stress injected image its apparent thickness was less than 1 cm in all cases. In contrast, in patients with chronic pulmonary hypertension the right ventricular myocardium was easily visualized at rest and was thicker than 1. I cm. It should be emphasized, however, that the apparent right ventricular free wall measurements reported in this study do not reflect actual wall thicknesses as they are obtained from an ungated image and are therefore exaggerated due to myocardial wall motion. Nevertheless, the increase in apparent right ventricular free wall thickness in patients with chronic pulmonary hypertension compared to those without pulmonary hypertension suggests RVH in the former.
High contrast images have traditionally been employed for myocardial perfusion imaging to optimize the detection of perfusion defects of the left ventricle. 8 The data obtained in the present study suggest that both low and high contrast images may be useful, and that low contrast images are patient in the 450 LAO projection is on the left and line drawing is on the right. The patient's ECG is below. There is marked dilatation of the R V and L V and increased concentration of tracer in the apparently thickened right ventricular free wall. The ECG is not diagnostic of R VH. more sensitive for the visualization of right ventricular myocardium. The right ventricle was easily visualized on the low contrast images in all patients with pulmonary hypertension (groups 3 and 4) and was found to be thickened in comparison to normal patients, while it was detected by subjective interpretation on the high contrast images in only 63% and 80% of patients in groups 3 and 4, respectively ( fig. 5 ).
The currently available methods used to assess the effects of pulmonary hypertension on the right ventricle lack both sensitivity and specificity. The standard chest X-ray, although useful in detecting marked right ventricular dilatation, is insensitive in assessing the effects of pulmonary hypertension on the right ventricular myocardium.Y-" Although the electrocardiogram is the method most commonly used to assess the effects of pulmonary hypertension on the right ventricular myocardium, correlation with the presence of pulmonary hypertension and with anatomic right ventricular hypertrophy has been poor. [12] [13] [14] [15] In chronic cor pulmonale especially, the presence of electrocardiographic evidence of right ventricular hypertrophy usually indicates advanced disease.' The presence of mild to moderate degrees of left ventricular hypertrophy may obscure the presence of right ventricular hypertrophy on the electrocardiogram. Furthermore, both true posterior myocardial infarction and left posterior hemiblock may mimic the electrocardiographic criteria for right ventricular hypertrophy. In the present study, using the electrocardiographic criteria of Milnor7 to detect right ventricular hypertrophy, only one of eight patients with severe left ventricular dysfunction and chronic pulmonary hypertension was found to have RVH. The thallium 201 myocardial perfusion image, on the other hand, showed an increase in apparent right ventricular thickness in all these patients since (in contrast to the electrocardiogram) the right ventricular free wall could be assessed independently of the left. The vectorcardiogram 793 VOL 54, No 5, NOVEMBER 1976 FIGURE 5 . Upper panel) Low contrast rest thallium 201 myocardial perfusion image in 300 LAO projection (left) and 45 0 LA 0 projection (right). The apparent thickness ofthe right ventricularfree wall is unchanged in the two views, but the right ventricular chamber appears larger in the 450 LA 0 projection. Lower panel) Same patient and projections as in the upper panel viewed with 30% contrast enhancement. Note that with contrast enhancement the right ventricle is more difficult to visualize. may be somewhat better than the electrocardiogram in detecting right ventricular hypertrophy in the presence of left ventricular hypertrophy but nonetheless produces a significant percentage of false negative results. '6 The echocardiogram has a potential advantage over the electrocardiogram in assessing the effects of chronic pulmonary hypertension on the right ventricle. The echocardiogram has been shown to be a sensitive tool for the detection of right ventricular volume overload and severe degrees of right ventricular hypertrophy. Mild to moderate degrees of right ventricular hypertrophy, however, may be missed due to the technical inability to record right ventricular echoes in many patients.'7 Technically good echocardiograms are especially difficult to obtain in patients with chronic lung disease, a group of patients in whom an evaluation of the effects of chronic pulmonary hypertension on the right ventricle may be especially helpful.
In most disease states early detection of disease permits early intervention and hopefully interruption of the pathophysiological mechanisms that produce dysfunction. While our studies were carried out in patients with relatively advanced chronic lung disease and pulmonary hypertension, it is conceivable that myocardial perfusion scanning with thallium 201 may allow detection of patients with pulmonary hypertension earlier in their course and provide a means for assessing the effects of therapeutic interventions on the natural history of the disease. SUMMARY Four cases of congenital tricuspid insufficiency (CTI) are presented in whom spontaneous improvement occurred. There was no evidence of Ebstein's disease in three of the four. All presented with similar clinical and laboratory findings including massive cardiomegaly, mild to moderate congestive heart failure, and moderate to severe desaturation. Catheterization data demonstrated severe TI and right-to-left atrial shunting. During the period of follow-up, up to 3.5 years, all symptoms have spontaneously disappeared. Clinical and CONGENITAL TRICUSPID INSUFFICIENCY (CTI) is an uncommon but recognized cause of neonatal congestive heart failure, massive cardiomegaly, and cyanosis.1-8 At least three distinct etiologies of severe CTI have been reported: dysplastic tricuspid leaflets or chordal attachments without their displacement;' dysplastic and displaced leaflets (Ebstein's anomaly);9 and TI secondary to pulmonary atresia with an intact ventricular septum.10 Four symptomatic infants with massive congenital tricuspid insufficiency were studied at the Children's Hospital of Vanderbilt Medical Center during the immediate newborn period. Three of the four infants had no evidence for tricuspid valve displacement, and none had pulmonary stenosis or atresia. The fourth infant had suggestive evidence of tricuspid valve displacement. The three infants with severe CTI but without valve displacement had a clinical presentation and natural history similar to the infant with suspected valve displacement and to the reported cases of Ebstein's anomaly presenting during the neonatal period.' Evidence is pre-angiocardiographic evidence for minimal residual TI have remained. Right atrial and right ventricular volume measurements were markedly abnormal initially and returned to normal or near normal. These measurements may be a useful method for quantitating the severity of tricuspid insufficiency. The course of the three infants with massive CTI (without Ebstein's disease) differs from previous reports and may be important both in formulating future management plans and in defining the etiology of the disorder.
sented that the prognosis of infants previously reported to have isolated massive CTI is not uniformly poor. Not only did all symptoms resolve in the four infants but overall heart size and the severity of the TI decreased as corroborated by serial right heart volume measurement. Since the course of these infants with severe CTI differs significantly from the experience of others, further consideration should be given both to the management and to the etiology of a seemingly heterogeneous patient group who have been considered to have massive CTI secondary to dysplastic tricuspid leaflets.
Case Material Four neonates, two females and two males, were referred in the first week of life to the Vanderbilt Medical Center Children's Hospital between October 1972 and March 1974 and have been followed from 1.75 to 3.5 years. Maternal pregnancy, labor and deliveries were uncomplicated. One of the neonates required resuscitation (G.H.). Weights of the four neonates at birth ranged from 3.3 to 3.7 kg (mean 3.5 kg). Within 24 hours after birth central cyanosis was evident, and in three of the four neonates there was associated evidence of congestive heart failure. Left ventricular oxygen saturations at the initial catheterization ranged from 30% to 91% (mean 74%).
On admission the cardiovascular examination revealed a harsh systolic murmur along the left sternal border that was
